. Distinguishing between LSPs that occur one time versus ones that occur repeatedly in a genomic region may provide insights into the biological roles of LSPs and identify useful phylogenetic markers. We analyzed 163 clinical M. tuberculosis isolates for 17 LSPs identified in a genomic comparison of M. tuberculosis strains H37Rv and CDC1551. LSPs were mapped onto a single-nucleotide polymorphism (SNP)-based phylogenetic tree created using nine novel SNP markers that were found to reproduce a 212-SNP-based phylogeny. Four LSPs (group A) mapped to a single SNP tree segment. Two LSPs (group B) and 11 LSPs (group C) were inferred to have arisen independently in the same genomic region either two or more than two times, respectively. None of the group A LSPs but one group B LSP and five group C LSPs were flanked by IS6110 sequences in the references strains. Genes encoding members of the proline-glutamic acid or proline-proline-glutamic acid protein families were present only in group B or C LSPs. SNP-versus LSP-based phylogenies were also compared. We classified each isolate into 58 LSP types by using a separate LSP-based phylogenetic analysis and mapped the LSP types onto the SNP tree. LSPs often assigned isolates to the correct phylogenetic lineage; however, significant mistakes occurred for 6/58 (10%) of the LSP types. In conclusion, most LSPs occur in genomic regions that are prone to repeated insertion/deletion events and were responsible for an unexpectedly high degree of genomic variation in clinical M. tuberculosis. Group B and C LSPs may represent polymorphisms that occur due to selective pressure and affect the phenotype of the organism, while group A LSPs are preferable phylogenetic markers.
As pathogenic bacteria adapt to their host environments, virulence properties may change through the insertion or deletion (indel) of chromosomal regions and the gain or loss of genetic material (3, 4, 10, 11, 19, 25, 27, 29, 34) . Mycobacterium tuberculosis is a major pathogen of humans, and genomic deletions (also known as large sequence polymorphisms [LSPs] or regions of difference) can also be detected in most clinical isolates of this species (16, 23, 32) . Studies examining the biological role of LSPs in M. tuberculosis have been inconclusive (26) . LSPs were demonstrated to be unique event polymorphisms (UEPs) in a study of 100 clinical M. tuberculosis isolates (23) . It was also possible to perform an informative analysis of a large sample of clinical M. tuberculosis isolates by using these LSPs as phylogenetic markers (17) . UEP refers to a mutation that has occurred once in the phylogeny of a species (i.e., is "unique"), is irreversible, and does not display homoplasy (23) . The observation that most LSPs were UEPs suggested that LSPs were unlikely to have an important role in disease pathogenesis, because mutations that confer an evolutionary advantage to M. tuberculosis should be selected for repeatedly in the evolution of the species (2) . Supporting this hypothesis, LSPs were found to have a possible attenuating effect on clinical disease in one retrospective study (26) . A study of gene expression in 10 clinical M. tuberculosis isolates also demonstrated that LSPs predominately carried genes that were variably expressed or not expressed in broth cultures (18) . These results suggested that LSPs do not generally involve functionally important proteins. Instead, a number of investigators have assumed that LSPs are selectively neutral and have used them as phylogenetic markers for population and evolutionary investigations (17, 23, 24) .
Other studies have suggested that LSPs do have a critical role in M. tuberculosis pathogenesis. Clinical M. tuberculosis LSPs had low consistency indices when incorporated into a phylogeny composed of single-nucleotide polymorphisms (SNPs), LSPs, and clinical parameters (16) . Furthermore, investigations of clinical strains have detected three apparent genomic "hot spots" for insertion of IS6110 and associated chromosomal deletions (13, 14, 24, 30) . Genomic analysis indicates that LSPs almost always include segments of open reading frames (16, 23) , although this may be due to a paucity of noncoding regions in the M. tuberculosis genome (7) . Finally, Yang et al. (33) recently showed that clinical M. tuber-culosis isolates with deletions in the plcD gene (one of the known deletion hot spots) are indeed phenotypically different, exhibiting a twofold increased risk of causing extrapulmonary tuberculosis. Taken together, these results indicate that some LSPs have evolved repeatedly in the radiation of M. tuberculosis and suggest that LSP-associated indels provide a selective advantage to certain M. tuberculosis strains.
Unfortunately, the rates of indels underlying M. tuberculosis LSPs cannot be conveniently measured in the laboratory. This makes it difficult to differentiate experimentally between mutations that are UEPs and mutations that have a tendency to occur repeatedly. Phylogenetic analysis makes an alternative approach available. Clinical strains containing a particular indel can be mapped onto a phylogenetic tree and then examined to determine whether or not they can be traced to a single ancestral event. Indels that have arisen independently multiple times in the population may have significant biological roles. Mutations that appear to have a single origin are more likely to represent UEPs that are evolutionarily neutral (2) . A variation of this approach was undertaken in prior LSP studies (16, 23) . However, these previous studies also used the LSPs themselves as markers in the phylogenetic tree construction. Furthermore, the largest of these studies defined distinct LSPs quite strictly, choosing to analyze LSPs separately if they had different deletion sites, even if the deletions mapped to identical or overlapping genes. In investigating the biology of LSPs, we propose that it is more important to categorize LSPs according to the gene or genes that are deleted (or inserted) rather than by the exact location of the indel site. This is because the effect of an LSP on microbial phenotype is more likely to be due to the genes that are disrupted or otherwise affected by the LSP rather than the exact indel sites where the LSP occurred. Therefore, we have favored a less restricted definition of LSP that is based on the presence or absence of a gene region rather than on the presence or absence of a specific deletion.
In this report, we present a phylogenetic analysis of gene deletions found in M. tuberculosis LSPs, using an "unequivocal" phylogenetic tree constructed with synonymous SNP markers. We present phylogenetic evidence that many of the gene regions contained within LSPs have been deleted (or possible inserted) multiple times as separate events in the history of M. tuberculosis divergence, and we identify several possible mechanisms for these genomic changes. Our results suggest that LSPs represent an important mechanism of genetic variation in M. tuberculosis and indicate that further investigations into the functional relevance of LSPs may provide insights into M. tuberculosis pathogenesis and immunity. LSPs, as defined in our study, that recur independently with high frequency may be precluded as phylogenetic markers.
MATERIALS AND METHODS
Study population. The study population has been described previously (16) ; it consisted of consecutive patients with positive cultures for M. tuberculosis identified at Montefiore Medical Center in the Bronx, NY, between 1989 and 1996. All isolates had been typed with IS6110-based restriction length polymorphism (RFLP) analysis and with a secondary typing procedure if necessary (1) . Of the 319 available cultures from that period, 169 of the samples plus the M. tuberculosis reference strains H37Rv and CDC1551 were selected at random for SNP and LSP analysis. Six clinical samples gave indeterminate SNP or LSP results, enabling 163 clinical isolates plus H37Rv and CDC1551 to be included in the present study. The demographic and clinical characteristics of this subset were similar to those of the overall study population and were generally reflective of the diverse nature of New York City residents (1) . This subset included M. tuberculosis isolates from a broad range of ethnicities and patients from at least 19 different known countries of origin.
LSP identification. Eighty-six LSPs larger than 10 base pairs were identified by comparing the genomes of M. tuberculosis strains CDC1551 and H37Rv in a previous investigation (16) . Seventeen LSPs were further studied: LSPs 1 through 12 were selected from sequences that were present in CDC1551 but absent from H37Rv; LSPs 13 to 17 were selected from sequences that were present in H37Rv but absent from CDC1551. DNA probes were then prepared for one gene in each LSP by PCR (16) . We limited our study to 17 LSPs because of the technical complexity of studying each LSP in large numbers of M. tuberculosis samples. The coordinates for each probe and primer were described in this previous work. Approximately 2 g of genomic DNA from the clinical M. tuberculosis isolates or CDC1551 and H37Rv was suspended in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at a final volume of 200 l. Each sample was boiled for 5 min and then cooled on ice. A multislot hybridization apparatus (Immunoblotter; Immunetics, MA) was assembled as per the manufacturers recommendations with the modification that the cushion was replaced with five pieces of dry 3-mm Whatman paper underneath one piece of 1-mm Whatman paper soaked in 2ϫ SSC. A prewetted Biotrans Plus nylon membrane (ICN Pharmaceuticals, CA) was placed on top of the thin Whatman paper. The apparatus was assembled, and the cooled genomic DNA was bound in longitudinal strips onto the membrane by rapidly loading the DNA mixture into the apparatus. Bubbles were avoided inside the apparatus by loading a slight excess volume of DNA solution. The apparatus was then disassembled, and the membrane was removed, rinsed in 2ϫ SSC, and then cross-linked with UV light. For identification of the LSPs present in each DNA sample, the membrane was prehybridized for 1 hour in Rapid Hyb buffer (Amersham, CT) at 69°C in a hybridization oven. The still-wet membrane was then reinserted into the multislot hybridization apparatus at 90°C from its previous orientation, using the manufacturer's cushion instead of Whatman paper (described above) to seal the apparatus. Each slot was then loaded with approximately 200 l of boiled and then rapidly ice-cooled hybridization buffer containing ␥-32 P-labeled probes for the 17 LSPs. The openings of the apparatus were sealed with Parafilm, and the apparatus was incubated at 69°C with occasional gentle rocking for 2 h. The Parafilm was carefully removed, unhybridized probe was sucked out of each hybridization well using a vacuum attached to the wash device supplied by the manufacturer, and each slot was washed (again using the vacuum wash device) with 2ϫ SSC. The apparatus was then dissembled; the membrane was washed one more time in 2ϫ SSC and three times in 0.1ϫ SSC at 69°C and then exposed on film. Using this protocol, 44 different genomic DNA samples could be slotted in an array consisting of 44 lines extending across the membrane. Hybridizing of probes for each LSP at a 90°angle to this array permitted every probe to come into contact with every genomic DNA sample. The presence of a particular LPS in a DNA sample was determined by examining the developed autoradiogram for dark spots. An example of a LSP blot has been shown previously (16) . SNP identification. We had previously identified six SNP markers that were sufficient to classify a global M. tuberculosis collection into seven phylogenetically distinct "SNP cluster groups" (SCGs) (15) . For the current study, we selected a different set of nine SNP markers that enabled us to further subdivide the SCGs into subgroups (SC subgroups), for a total of seven SCGs and five SC subgroups ( Table 1 ). All of the study samples were then tested at 
at Penn State Univ on April 14, 2008 jcm.asm.org the nine SNP loci by using hairpin primer assays as described previously (22) ( Table 2) , and the alleles were determined. Phylogenetic analysis. Each isolate was assigned to an SCG or SC subgroup according to the allele pattern at the nine SNP loci (Table 1 ) and plotted on a neighbor-joining phylogenetic tree previously created by analyzing a global M. tuberculosis collection using 212 SNP markers (15) (Fig. 1) . The presence or absence of each LSP was scored as a binary, and the isolates were also classified into 58 LSP types (LSP-Ts) as defined by the distinct patterns in the present or absent LSPs for each isolate.
RESULTS
LSPs occur repeatedly in the M. tuberculosis genome. In order to perform a phylogenetic analysis of the distributions of M. tuberculosis LSPs, it was first necessary to unambiguously establish the phylogeny of the 163 M. tuberculosis study isolates plus H37Rv and CDC1551. Each isolate was tested for the presence of nine SNP markers, and an SCG or SC subgroup was assigned to each isolate based on the pattern of its SNP alleles. The LSP and SNP alleles for each isolate are shown in Table S1 in the supplemental material. The typed isolates were then plotted onto a phylogenic tree of M. tuberculosis established previously (15) . The study set was found to include members of all SCGs except SCG 7 (which contains primarily Mycobacterium bovis) (Fig. 1) . Each M. tuberculosis SCG/SC subgroup contained an average of 18 isolates (range, 0 to 43) and an average of 13 different strains (range, 0 to 38) as defined by the presence of distinct RFLP patterns.
We selected 17 M. tuberculosis LSPs from a larger set of previously identified LSPs (16) to study their distribution on the strain phylogeny ( Table 3 ). The distribution of these LSPs has not been previously examined in a set of phylogenetically characterized clinical strains. Three LSPs (LSPs 10, 11, and 13) were located near two IS1547 elements, which are known to be "hot spots" for IS6110 insertions (17) . Each M. tuberculosis isolate was examined for the presence or absence of each of the 17 LSPs by probing for an internal DNA sequence. All of the LSPs were then mapped onto the phylogenetic tree. We found that the majority of LSPs did not appear to be UEPs. Unlike the distribution of the selectively neutral SNPs shown in a previous report (2) , only four of the 17 LSPs studied (LSPs 1, 9, 13, and 16) ( Fig. 2A) were situated on the phylogenetic tree such that their presence could be explained by a single event in a common ancestor. We have called these LSPs group A LSPs in subsequent discussions. Two other LSPs (LSPs 12 and 14) appeared to have occurred independently at least two times (Fig. 2B) . We have called these LSPs group B LSPs. The remaining 11 LSPs (LSPs 2, 3, 4, 5, 6, 7, 8, 10, 11, 15, and 17) were situated on the phylogenetic tree such that they could not have arisen from a single common ancestor and must have arisen independently multiple times (Fig. 3) . These LSPs were renamed group C LSPs. The genes that corresponded to the probes for each LSP were then examined (Table 3) . We examined all of the genes that were deleted in each LSP as it was originally defined by the CDC1551-H37Rv genomic comparisons, although some clinical strains may have smaller or larger LSPs in each region. None of the group A LSPs and only one of the group B LSPs were flanked by IS6110 elements in either CDC1551 or H37Rv, while 5 of the 11 group C LSPs were flanked by IS6110 elements. These results suggest that recombination between IS6110 elements is one of the mechanisms that generate LSPs that reoccur frequently. Indeed, we also noted that the IS6110 elements adjacent to the locations of four of the group C LSPs (LSPs 3, 4, 10, and 11) lack the characteristic 3-to 4-bp direct repeats indicative of recombination between IS6110 elements (16) . This adds further support to the hypothesis that IS6110 is an important driving force for large sequence diversity in M. tuberculosis (5, 13, 24, 30, 31) . Genes encoding members of the proline-glutamic acid, proline-glutamic acid polymorphic GCrich sequence, or proline-proline-glutamic acid protein families were not present in any of the group A LSPs, while one of the group B LSPs and three group C LSPs contained PPE genes. Recombination and deletion between these genes that have substantial sequence similarity might represent a second mechanism for LSP generation. However, the number of LSPs examined was too small to reasonably test for statistical differences in PPE gene frequency among the LSP groups. Despite these two proposed mechanisms for recurrent LSP generation, one of two group B LSPs and three of 11 group C LSPs were not associated with either flanking IS6110 sequences or repetitive genes.
The LSPs associated with IS6110 in the reference strains did not occur at a higher frequency than other LSPs. The phylogenetic analysis of each LSP (Fig. 2 and 3) suggested that there were 65 independent LSP events in the 165 M. tuberculosis isolates (Table 3 ) (this population contained many more LSPs, but a group of phylogenetically related isolates with the same LSP were considered to constitute one LSP event). Approximately one-third (6/17) of the LSPs studied were associated with IS6110, and these LSPs were associated with 27/65 (42%) of the independent LSPs in the population. This did not differ are absent in H37Rv but present in CDC1551 (although LSP 6 appears to be present in some H37Rv isolates and must therefore have been deleted recently in a subset of H37Rv isolates in experimental use [16] ). Each of these LSPs was also found to be missing in at least one clinical isolate, demonstrating that the H37Rv LSPs did not include unique deletion events that might have occurred as a consequence of a prolonged in vitro culture. Confirmation of LSP identification and variability within IS6110-defined clusters. It was important to ensure that the results of this study were not due to artifacts of the LSP identification process. Inconsistencies in detecting LSPs could make it falsely appear as if LSPs were occurring repeatedly as independent events. Repeated probing of the same strain gave identical LSP results, suggesting that the LSP identification process was sound. We also examined strains that were identical by IS6110 RFLP analysis to determine if these closely related strains contained the same LSPs. We found only six instances, in 17 clusters involving 66 isolates, where two isolates within a cluster did not have exactly the same LSP pattern. In each of these cases, only 1 of the 17 LSPs was discordant between the isolates. Furthermore, all six of the mismatched LSPs were group C LSPs (four were LSP 6, one was LSP 2, and one was LSP 10). These results suggest that the small variation in LSP patterns that we observed within isolates of a cluster is due to the propensity of M. tuberculosis to develop independent deletions in these regions. The exact time frame of LSP generation cannot be deduced from this study because the epidemiological connections among the clustered isolates were not well characterized in our data set. Prior reports suggest that differences in LSP patterns are not observed among RFLP-identical isolates with known epidemiological links (16) . However, these results do strongly suggest that different LSPs are generated at different rates.
Phylogenetic analysis of M. tuberculosis populations by using LSP markers. LSPs appear to be useful phylogenetic markers for studies of M. tuberculosis (20, 23, 28) , especially when the specific identity of each LSP can be confirmed by sequencing the ends of each deletion (23) . End sequencing makes it possible to identify which deletions within a similar genome region are, in fact, independent deletions. However, large-scale sequencing of deletion sites is not practical, and even PCR-based identification of specific deletion sites may be difficult if LSPs of similar sizes occur near the same genomic locus. We studied the ability of the LSPs identified in this study to accurately describe phylogenetic relationships among M. tuberculosis isolates. Each of the 163 clinical isolates (H37Rv and CDC1551 were not included in this analysis) were classified into one of 58 LSP types, based on the pattern of LSPs that were present (see Table S1 in the supplemental material). Each LSP-T was then located on the SNP tree, and the proximity of all of the isolates with the same LSP-T was examined. LSP-Ts that placed M. tuberculosis isolates together in a manner that was consistent with the SNP tree would be considered good phylogenetic assignments. LSP-Ts that conflicted with the SNP tree would represent inaccurate assignments. Our results showed that LSP-Ts situated most of the M. tuberculosis isolates on the same or an adjoining branch of the SNP tree (Fig. 4) . However, six of the LSP-Ts incorrectly grouped isolates together that were more distantly related according to the SNP tree (Fig. 4 , LSP-Ts 3, 5, 7, 9, 14, and 15). Many of the LSP-Ts contained only a single M. tuberculosis isolate. We performed a secondary analysis restricted to commonly occurring LSP-Ts by eliminating LSP-Ts that contained fewer than two isolates. This analysis reduced the study to 31 LSP-Ts and 137 isolates. We found that 6/31 (19%) of the LSP-Ts that contained two or more isolates continued to produce important conflicts with the SNP tree. These results confirm our findings with the total study sample.
DISCUSSION
This study suggests that LSPs are a substantial source of diversity within the M. tuberculosis genome. While some LSPs appeared to represent rare events in the population, the majority of LSPs appeared to have been generated multiple times in the divergence of M. tuberculosis strains. The low frequency of group A and B LSP events suggests that these LSPs arose from random genomic events and have become associated with a particular phylogenetic lineage. These LSPs may have occurred in the absence of special mechanism for generating genomic change at high frequency. We suspect that these LSPs are unlikely to result in a selective advantage for the organism; however, this is very difficult to test without additional data.
Group C LSPs are much more variable and appear to have been generated by at least two mechanisms. Forty-five percent of the group C LSPs were flanked by IS6110 transposable elements on at least one side of a reference strain. The presence of IS6110 in proximity to LSP regions that are not present (and likely to be deleted) in other isolates suggests that recombination between nearby IS6110 elements produced a deletion, creating the LSP. IS6110 transposition events may be advantageous, neutral, or detrimental to the bacterial cell depending on the genes involved. Yang et al. (33) have shown that plcD deletions (LSP 4, a group C LSP flanked by IS6110 in our study) do indeed affect bacterial phenotype, in this case showing a strong association with extrapulmonary tuberculosis. This work supports the hypothesis that the variation associated with group C LSPs affects bacterial phenotype (although it is unclear whether an extrapulmonary phenotype should be considered selectively advantageous); it also provides further evidence that IS6110 is a contributing force driving genetic diversity in the M. tuberculosis complex. Indeed, as IS6110 may also be present in the clinical isolates at sites where H37Rv and CDC1551 do not contain IS6110, this element may be playing an even more pivotal role. We speculate that the group C LSPs have occurred under positive selective pressure, and these deletions (LSPs) enhance transmission and other virulence features of M. tuberculosis. Day et al. have demonstrated similar events in Shigella strains, where parallel losses of the cadA locus in different lineages of Shigella were found to be pathoadaptive (8) . An alternative hypothesis is that group C LSPs represent highly unstable genomic regions that are repeatedly deleted because the genes encompassed by these LSPs are nonfunctional. Under these circumstances, the repeated loss of these genes could reflect a selective advantage for loss of nonfunctional DNA. However, observations in other bacteria suggest that deletion of nonfunctional DNA is a progressive occurrence that begins with mutation of nonfunctional genes into pseudogenes and is only later followed by a series of deletion events (21) . In M. tuberculosis, there is no evidence that any of the deleted genes have mutated to pseudogenes. One of the group B and three of the group C LSPs were in PPE genes that others have speculated may be involved in immune variation and evasion (6, 9, 12) . Their recurrent deletion in different M. tuberculosis lineages is consistent with the hypothesis that these are escape mutants created by silencing these gene products during the course of infection of mammalian hosts.
Our findings do not directly contradict the work of Hirsh et al. (23) , which suggested that virtually all LSPs were unique evolutionary events. First, this prior investigation excluded LSPs originating or terminating in PPE genes, whereas these LSPs were included in our study. Second, our investigation included regions that were deleted in H37Rv relative to the genome of CDC1551. Hirsh et al. examined only regions that are missing in clinical isolates relative to the genome of H37Rv. Finally, we used a hybridization-based approach to identify the presence or absence of genomic regions known to be encompassed by LSPs. In contrast, Hirsh et al. sequenced across each end of the LSP, confirming the exact deletion sites and distinguishing among similar deletion events. It is likely that a reanalysis of this previous work would demonstrate that many LSPs overlap, differing only at the specific deletion sites, and would confirm our observation that many genomic regions were likely to be deleted independently.
Other investigators have suggested that LSPs can provide an accurate genetic marker system for molecular epidemiological and evolutionary studies of M. tuberculosis (20, 28) . Our results suggest that LSPs may be informative markers in situations where discrimination of strains is the main objective. However, phylogenetic inference will be complicated by the multiple origins and parallel evolution of many LSPs, which will generate incompatibilities with other phylogenetic markers such as SNP loci. The extent to which this problem can be alleviated by direct sequencing of LSP deletion sites requires further study.
In summary, this work demonstrates that LSPs are predominately genomic deletions that result in an unexpected degree of genomic plasticity in clinical M. tuberculosis isolates. At least one-third of the plasticity in specific genomic regions appears to involve recombination between IS6110 elements in the region. The repeated evolution of some LSPs suggests that these polymorphisms are a critical source of genetic variation that is adaptive and may underlie variation in virulence among M. tuberculosis strains; however, this is difficult to test and warrants future investigational studies of pathogenicity and immunity.
